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HIGHLIGHTS 


►  The  water  recovery  ratio  represents  well  the  humidification  performance  of  a  membrane  humidifier. 

►  The  DPAT  of  the  membrane  humidifier  decreases  with  increasing  the  wet  inlet  dew  point. 

►  The  stack-humidifier  assembly  is  10%  less  than  the  stack  in  the  electrochemical  performance. 

►  The  stability  and  reliability  of  the  membrane  humidifier  are  acceptable. 
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Experiments  are  conducted  to  evaluate  the  performance  of  a  planar  membrane  humidifier  for  a  PEM 
fuel  cell  stack.  The  humidification  performance  of  the  humidifier  adopted  here  includes  the  dew  point 
approach  temperature  (DPAT),  water  recovery  ratio  (WRR),  and  water  vapor  transfer  rate  (WVTR). 
Parametric  studies  involve  the  dry  inlet  temperature,  the  wet  inlet  dew  point,  and  the  flow  rate  across 
the  humidifier.  Results  show  that  increasing  the  flow  rate  across  the  humidifier  linearly  increases  its 
pressure  drop.  However,  the  DPAT  increases  sharply  at  high  flow  rates  (>350  SLPM)  due  to  the  inade¬ 
quate  WVTR  limited  by  the  humidifier  size.  In  addition,  increasing  the  wet  inlet  dew  point  reduces  the 
humidification  performance  by  increasing  the  DPAT  and  reducing  in  the  WRR.  Moreover,  an  increase  in 
the  dry  inlet  temperature  could  reduce  the  DPAT  at  the  low  flow  rate  of  100  SLPM,  but  does  not 
affect  the  DPAT  at  the  high  flow  rate  of  450  SLPM.  Furthermore,  the  electrochemical  performance  of  the 
stack-humidifier  assembly  is  only  10%  less  than  that  of  the  stack  tested  on  a  commercial  test  station. 
Stability  test  reveals  a  satisfactory  reliability  of  the  present  membrane  humidifier  as  well. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cell  systems  are  being  used  as  power  sources  in  a  wide 
variety  of  applications.  They  have  been  used  as  vehicular  propulsion, 
stationary  power  plants  in  buildings  and  residences,  and  portable 
power  in  video  cameras,  computers,  smart  phones  and  the  like. 

Among  various  types  of  fuel  cells,  proton  exchange  membrane 
(PEM)  fuel  cells  show  most  promise  to  replace  the  internal 
combustion  engines  for  vehicular  application  since  they  could 
deliver  high  power  density  and  operate  at  a  low  temperature, 
allowing  for  immediate  startups  and  fast  responses  to  changes  in 
the  power  demand.  However,  a  critical  requirement  of  PEM  fuel 
cells  is  to  maintain  high  water  content  in  the  membrane  electrolyte 
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to  ensure  high  proton  conductivity.  Lower  water  content  in  the 
membrane  electrolyte  would  lead  to  a  higher  resistance  of  proton 
conduction,  thus  resulting  in  a  higher  ohmic  loss.  This  not  only 
reduces  the  system  efficiency  but  also  damages  and  thus  shortens 
lifetime  of  the  membranes.  Therefore,  it  should  provide  a  means  for 
maintaining  the  fuel  cell  membranes  in  the  moist  condition  [1]. 

The  humidification  technology  of  a  PEM  fuel  cell  has  been 
developed  for  decades.  The  state-of-the-art  technologies  for 
humidification  of  a  PEM  fuel  cell  include  passing  feeding  gas 
through  hot  water  as  a  wet  stream  of  fine  bubbles,  injecting  water 
directly  into  the  feeding  gas  stream,  or  recycling  the  moisture  from 
the  cathode  exhaust  to  the  cathode  inlet  stream.  In  the  first  scheme, 
water  transfer  is  achieved  by  heating  the  water  bath  to  a  set 
temperature  while  bubbling  the  reactant  gases  through  the  hot 
water  [2-4].  As  the  gases  rise  through  the  water,  they  take  up  water 
vapor  and  thus  are  humidified.  The  amount  of  water  transferred  to 
the  gas  stream  depends  on  the  water  temperature,  the  contact  area 
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of  the  water-air  interface,  and  the  contact  time  of  the  air  bubbles 
with  the  water  [5].  The  bubbler  humidifier  is  quite  simple  in 
technique,  but  several  drawbacks  limit  its  commercial  application 
including  unknown  humidification,  and  inability  to  provide  real 
time  change  in  humidity.  In  general,  it  is  impractical  beyond  the 
laboratory  scale.  The  second  method  is  to  inject  water  directly  into 
the  fuel  cell,  or  the  feeding  line  leading  into  the  manifold  [6].  In  this 
design,  liquid  water  is  preheated  to  fuel  cell  operational  tempera¬ 
ture  and  then  pumped  directly  into  the  fuel  cell  reactant  streams.  It 
is  suitable  for  a  fuel  cell  stack  of  large  power  [7],  but  is  not  efficient 
for  a  smaller  power  system.  Similar  systems  would  be  available  by 
using  a  steam  generator  to  provide  hot  saturated  air  for  the  fuel  cell, 
however  without  an  abundant  heat  source  significant  power  losses 
would  be  expected  in  the  production  of  steam. 

The  humidification  devices  for  recycling  the  humidity  in  the  fuel 
cell  system  include  the  enthalpy  wheel  and  the  membrane 
humidifier.  The  former  is  an  active  method  originated  from  desic¬ 
cant  wheel  dehumidification  [8-10].  By  passing  two  counter-flow 
streams  through  a  rotating  honeycomb  ceramic,  the  damp 
exhaust  from  the  fuel  cell  cathode  passes  through  one  side  putting 
down  moisture  while  the  dry  inlet  stream  passes  through  another 
side  picking  up  moisture.  This  technology  needs  power  to  drive  the 
rotating  drum  together  with  control,  which  yields  a  parasitic  loss 
and  adds  to  system  complexity  under  transient  operation.  In 
addition,  the  leakages  as  well  as  the  cross-flow  are  likely  to  occur.  In 
contrast,  the  membrane  humidifier  does  not  require  an  extra 
parasitic  power  to  drive  such  as  a  rotating  motor,  a  water  pump  or 
a  controller.  In  addition,  it  is  light  in  weight,  simple  in  design,  and 
has  no  moving  parts  that  frequently  lead  to  sealing  problems.  This 
is  the  reason  why  the  membrane  humidifier  has  received  a  lot  of 
attention  in  application  of  PEM  fuel  cell  systems  [11-20].  In 
general,  the  membrane  humidifiers  could  fall  into  two  categories, 
i.e.,  planar  and  tubular.  In  the  tubular  design,  dry  gas  flows  through 
the  hollow  fiber  bundles  and  gets  humidified  by  adsorbing  the 
water  of  the  moisture  interface  of  the  hollow  fiber  membrane  [21  ]. 
As  for  the  planar  membrane  humidifier,  flat  membrane  sheets 
separate  the  cathode  wet  exhaust  stream  incoming  from  the  fuel 
cell  from  the  dry  inlet  stream,  which  works  similarly  to  a  plate  and 
frame  heat  exchanger.  Note  that  the  membranes  could  be  made 
from  fluorinated  materials  (such  as  perfluorosulfonic  acid,  PFSA)  or 
other  non-fluorinated  materials  (such  as  hydrocarbon  polymers). 

This  paper  deals  with  a  planar  membrane  humidifier,  which 
recycles  heat  and  humidity  from  the  cathode  exhaust  of  the  fuel 
cell  system.  In  this  work,  a  prototype  of  membrane  humidifier  is 
designed,  fabricated,  and  tested  thereafter.  The  humidification 


performance  of  the  membrane  humidifier  such  as  the  dew  point 
approach  temperature  (DPAT),  water  recovery  ratio  (WRR),  and 
water  vapor  transfer  rate  (WVTR)  is  evaluated  under  various  flow 
and  humidity  conditions.  Basically,  these  performance  parameters 
are  dependent  on  but  complementary  to  each  other.  They  provide 
the  information  of  humidifier  efficiencies  from  different  aspects  as 
well  as  illustrate  the  transport  phenomena  of  water  vapor  in  the 
humidifier  quantitatively  and  qualitatively.  Then,  the  membrane 
humidifier  and  the  PEM  fuel  cell  stack  are  integrated  into  a  compact 
unit  in  order  to  reduce  the  redundant  pipes  and  fitting  and  save 
space  [22-25].  In  addition,  the  electrochemical  performance  of 
a  stack-humidifier  assembly  is  examined  under  real  operational 
conditions,  which  compares  to  the  polarization  curve  of  the  fuel  cell 
stack  that  is  obtained  from  the  commercial  test  station.  Finally,  the 
durability  test  is  carried  out  to  assess  the  reliability  and  stability  of 
the  planar  membrane  humidifier  integrated  into  a  PEM  fuel  cell 
stack. 

2.  The  experiment 

2.1.  Experimental  setup 

The  experimental  setup  is  shown  in  Fig.  1.  Air  from  the  labora¬ 
tory  is  compressed  into  the  test  section,  which  is  divided  into  a  dry 
stream  and  a  wet  stream  by  using  a  tee  adaptor.  For  the  dry  stream, 
the  compressed  air  passes  through  a  mass  flow  controller  (MFC)  to 
regulate  the  flow  rate.  It  is  then  heated  in  a  gas-heating  chamber  to 
the  desired  temperature  before  entering  the  dry  inlet  port  of  the 
membrane  humidifier.  For  the  wet  stream,  the  compressed  air 
passes  through  another  MFC,  another  gas  heater,  and  then  enters  an 
evaporator.  In  the  evaporator,  the  injecting  water  is  flash  evapo¬ 
rated  on  a  dry  surface  and  the  resulting  steam  engaged  with  the 
heated  air  stream.  The  temperature  of  the  air— vapor  mixture  is 
raised  to  entrain  all  of  the  steam  being  generated,  which  results  in 
a  saturated  gas  stream  exiting  the  evaporator  at  its  dew  point.  In 
addition,  a  heated  flexible  tube  for  the  output  gas  stream  avoids 
condensation  of  the  humid  gas.  The  heated  flexible  tube  has  an 
interior  of  Teflon,  which  is  then  wrapped  with  a  heater,  followed  by 
insulation  and  a  sheath.  It  has  an  internal  thermocouple  for 
monitoring  the  humidifier  and  a  high  temperature  cutout  switch 
for  protection.  Closed  loop  control  of  humidity  based  on  a  signal 
from  a  humidity  sensor  ensures  accurate  control  of  humidity  before 
entering  the  humidifier.  As  compared  with  the  conventional 
bubbler  humidifier,  the  present  technology  provides  the  ability  to 
directly  control  the  dew  point  of  the  gas  stream  on  a  real  time  basis 


Fig.  1.  Experimental  setup. 
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Table  1 

Instruments  for  experimental  measurements. 


Data 

Model 

Manufacturer 

Pressure 

SENSOTEC  FPA1000 

Honeywell 

Temperature 

Thermocouple  (T  type) 

Omega 

Mass  flow  rate 

Models  5853E 

Brooks 

Relative  humidity 

HumiTrac 

General  eastern 

Data  logger 

DA100/DS600 

Yokogawa 

in  addition  to  entrain  significantly  more  water  into  the  gas  stream, 
which  enables  a  high  flow  of  humid  gas  with  quick  response. 

Table  1  shows  the  instruments  for  the  measurement  of  the 
performance  of  the  humidifier.  The  temperature  of  the  gas  stream  is 
measured  by  using  the  copper— constantan  thermocouples  (T  type) 
[26].  The  humidity  sensor  used  is  the  General  Eastern  HumiTrac™ 
series  relative  humidity/temperature  transmitter.  They  are  placed 
through  a  hole  drilled  in  a  pipefitting  plug.  For  the  pressure-drop 
measurements  across  the  membrane  humidifier,  four  pressure 
taps  located  at  inlets  and  outlets  of  two  streams  are  connected  to 
a  signal-receiving  micro-differential  pressure  transducer,  which  are 
subsequently  amplified  by  a  conditioner  and  then  recorded  in 
a  digital  readout  (Yokogawa)  [27-30]. 

2.2.  Membrane  humidifier 

Fig.  2(a)  and  (b)  gives  the  photos  of  the  membrane  humidifier 
and  the  assembly  of  the  fuel  cell  stack  and  the  membrane  humid¬ 
ifier,  respectively.  The  fuel  cell  stack  used  herein  is  a  customized 


product  [31,32].  It  has  an  active  area  of  150  cm2  and  connects  74 
cells  in  series.  The  membrane  humidifier  consists  of  a  number  of 
humidifier  modules  connected  in  series  like  the  assembly  of  a  fuel 
cell  stack.  The  structure  of  the  humidifier  module  (i.e.  bi-flow 
plates)  is  made  of  an  engineering  thermoplastic  material  of  poly¬ 
urethane,  which  will  not  release  compounds  that  adversely  affect 
the  fuel  cell.  All  humidifier  modules  are  screwed  tightly  between 
two  end  plates  that  are  made  of  glass-fiber  reinforced  plastic 
(GFRP). 

The  working  principle  of  the  membrane  humidifier  is  further 
depicted  schematically  in  Fig.  3.  Dry  gas  entering  the  humidifier 
(stream  1)  gains  heat  and  humidity  through  the  fuel  cell  system 
before  entering  the  fuel  cell  (stream  2).  In  the  fuel  cell  environment, 
the  gas  stream  has  decrease  in  oxygen  content  as  the  fuel  cell 
reaction  occurs;  as  well  the  stream  is  likely  to  increase  in  water  and 
heat  content  before  exiting  the  fuel  cell  as  exhaust  (stream  3).  This 
hot  and  wet  exhaust  stream  enters  the  humidifier  where  the  heat 
and  humidity  in  the  stream  will  be  transported  back  to  the  inlet 
stream,  before  exiting  the  system  at  stream  4.  As  further  seen  from 
Fig.  3,  the  repeated  humidifier  module  consists  of  a  bi-flow  plate, 
two  diffusion  layers  and  a  membrane.  The  bi-flow  plate  made  of 
polyurethane  is  2.5  mm  in  thickness.  Parallel  channels  are 
machined  on  both  sides  of  the  bi-flow  plate,  which  convey  the  wet 
stream  from  the  cathode  of  the  fuel  cell  to  an  exhaust  and  the  dry 
stream  from  ambient  gas  to  the  cathode  inlet  of  the  fuel  cell, 
respectively.  These  two  streams  are  in  cross-flow  direction.  The 
channels  are  1  mm  in  depth,  2  mm  in  width,  and  separated  by 
1.5  mm  lands.  The  flow  enters  and  exits  each  side  through 
adaptors  and  then  spreads  out  to  the  parallel  channels.  Note  that 
a  counter-flow  of  the  gas  streams  can  also  be  used  to  facilitate 
a  transport  of  water  vapor  from  wet  gas  stream  to  the  dry  gas 
stream.  For  a  fuel  cell  humidification  application,  the  water  transfer 
effectiveness  requirement  is  typically  low.  As  a  result,  there  is  lit¬ 
tle  expected  performance  difference  between  counter-flow  and 
cross-flow  design  [33]. 

The  membrane  used  herein  is  a  conventional  extruded  PFSA 
film,  Nafion®  115,  which  is  127  pm  in  thickness  and  1100  in 
equivalent  weight.  When  water  strikes  an  exposed  sulfonic  acid 
group  on  the  surface  of  the  membrane,  the  surface  sulfonic  acid 
group  binds  the  water  initially.  Additional  groups  deeper  in  the  wall 
have  less  water  attached  to  them,  and  consequently  a  higher 
affinity  for  water.  Water  molecules  absorbed  onto  the  surface  of  the 
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Fig.  2.  (a)  Membrane  humidifier,  (b)  assembly  of  a  PEM  fuel  cell  stack  and  a  membrane 
humidifier. 


Dry  stream 


Fig.  3.  Schematic  drawing  of  the  membrane  humidifier. 
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membrane  are  therefore  quickly  passed  on  to  underlying  sulfonic 
acid  groups,  until  the  water  reaches  the  opposite  side.  The  water 
molecule  then  pervaporates  into  the  surrounding  medium.  This 
process  continues  until  the  water  vapor  pressure  gradient  across 
the  membrane  is  eliminated.  If  a  very  low  water  vapor  pressure  is 
maintained  one  side  of  the  membrane  surface,  water  will  stream 
across  the  membrane  very  quickly. 

As  shown  in  Fig.  4,  a  membrane  sheet  of  150  cm2  in  the  active 
surface  area  is  sandwiched  between  two  diffusion  layers,  which 
forms  a  membrane— diffusion  layer  assembly.  The  entrance  and  exit 
areas  of  the  membrane  are  covered  with  a  thin  sheet  of  water  and 
air-impermeable  polyimide  film  so  that  only  the  channel  areas  are 
exposed  to  the  flow,  eliminating  any  entrance  and  exit  effects  on 
water  transfer  and  allowing  the  flow  to  become  fully  developed. 
The  diffusion  layers  are  made  from  non-woven  fabrics,  which  are 
resilient  and  gas  permeable.  It  has  a  thickness  of  0.1  mm,  and 
a  porosity  of  85%.  The  pore  size  in  the  diffusion  layers  is  in  the  range 
of  1-50  pm.  In  the  present  design,  the  channel  area  ratios  of  the 
bi-flow  plate  are  in  the  range  of  75-85%,  which  are  chosen  to 
maximize  membrane  area  utilization  under  the  lands  and  minimize 
the  intrusion  of  the  membrane  or  other  structures  into  the  flow 
channels.  Additional  favorable  conditions  have  been  controlled 
wherein  a  flow  of  gas  through  the  channels  is  laminar,  which  might 
minimize  a  pressure  drop  through  the  channels  and  maximize  the 
water  vapor  transport  through  the  diffusion  layers  and  the 
membrane. 

3.  Data  reduction  of  performance  matric 

Fig.  4  represents  a  general  behavior  of  water  partial  pressure 
(Pw)  across  a  humidifier  module.  The  wet  gas  stream  is  fed  to  one 
side  of  the  membrane  whereas  the  dry  gas  stream  is  fed  to  another 
side  of  the  membrane.  A  molecular  transport  of  water  from  the 
wet-side  channel  to  the  dry-side  channel  includes  several  transport 
modes.  A  convection  mass  transport  of  water  vapor  occurs  in  the 
channels.  A  diffusion  transport  occurs  through  the  diffusion  layers. 
Water  vapor  is  also  transported  by  diffusion  through  the 
membrane.  In  addition,  water  is  transferred  through  the  membrane 
by  hydraulic  forces  due  to  the  pressure  difference  existing  between 
the  wet-side  channels  and  the  dry-side  channels.  Moreover, 
temperature  difference  between  the  wet-side  channels  and  the 
dry-side  channels  may  also  affect  the  transport  of  water  there 
between.  That  is  an  enthalpy  exchange  between  two  streams  would 
be  associated  with  water  flux.  It  is  interesting  to  note  that  the 
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Fig.  4.  Conception  of  pressure  distribution  across  the  membrane-diffusion  layer 
assembly. 


membrane  humidifier  is  lack  of  water  drag  of  proton  from  the 
anode  to  the  cathode  as  compared  to  the  water  transports  in  an 
active  PEM  fuel  cell. 

3.1.  Water  vapor  transfer  rates 

The  performance  of  a  humidifier  is  usually  gauged  by  the 
amount  of  water  it  transfers.  The  water  vapor  transfer  rate  is  an 
absolute  measure  that  is  simply  the  rate  of  water  mass  transferred 
across  the  membrane.  It  can  be  determined  by  subtracting  the 
water  mass  flow  rate  in  the  dry  inlet  flow  (stream  1)  from  that  in 
the  dry  outlet  flow  (stream  2). 

WVTR  =  mH2o,s2  -  ^H2o,si  =  ( as2  ~  asi)  x  v  (1) 

where  a  is  absolute  humidity  (g  m-3)  measured  at  the  inlet  and 
outlet  ports  of  the  dry  gas  stream,  and  v  is  the  volume  flow  rate 
(m3  s-1)  across  the  membrane  humidifier.  It  is  a  proper  index  for 
comparing  identical  humidifiers  over  a  range  of  flow  and/or 
humidity  conditions.  To  compare  different  humidifiers  over 
different  flow  and/or  humidity  conditions,  however,  the  water  flux  J 
would  be  a  better  quantity,  which  takes  into  account  the  humidifier 
size  (and  hence  module  number  n  and  membrane  area  A)  that  the 
water  is  transferring  through: 

j  _  ^H20,s2  -  ^H20,sl 

J  ~  n  x  A  1  J 

3.2.  Dew  point  approach  temperature 

The  cathode  inlet  dew  point  (dry  outlet  dew  point)  is  usually 
used  as  a  specification  for  system  humidification.  Flowever,  it 
provides  little  information  regarding  humidification  performance. 
Basically,  a  measure  to  quantify  the  performance  of  a  humidifier 
should  address  how  well  a  humidifier  performs  compared  to  how 
well  the  device  could  potentially  perform.  Therefore,  desirable 
performance  of  a  humidifier  occurs  when  the  water  vapor  transport 
rate  is  maximized  or,  conversely,  when  the  dew  point  of  the  dry 
outlet  stream  approaches  that  of  the  incoming  wet  stream.  The  dew 
point  approach  temperature  is  therefore  defined  as  the  dew  point 
difference  between  the  cathode  exhaust  stream  entering  the 
humidifier  and  the  humidified  stream  going  to  the  stack.  In  another 
word,  DPAT  is  a  gauge  of  how  close  the  dry  outlet  dew  point  comes 
to  the  wet  inlet  dew  point  of  a  humidifier,  i.e., 

DPAT  m  Twet_in  ^ew  point  —  ^dry-out  dew  point  (3) 

For  example,  if  the  cathode  exhaust  entering  the  humidifier  has 
a  dew  point  of  65  °C,  and  it  generates  a  cathode  inlet  dew  point  of 
58  °C,  the  humidifier  would  have  a  7  °C  in  the  dew  point  approach 
temperature.  In  an  ideal  humidifier,  the  DPAT  should  be  zero. 

3.3.  Water  recovery  ratio 

The  water  recovery  ratio  is  an  important  humidification 
performance  based  on  the  moisture  transfer  rate.  It  is  a  latent 
effectiveness  similar  to  the  sensible  (temperature)  effectiveness  in 
a  heat  exchanger.  The  non-dimensional  parameter  WRR  describes 
how  much  water  is  transferred  to  the  dry  outlet  compared  to  the 
maximum  amount  of  water  that  could  be  transferred,  which  would 
be  the  water  content  in  the  wet  stream.  It  can  be  demonstrated  as 
the  following  equation: 

Yyrr  _  ^w2  —  mwi  _  tha2  x  (^2  ~  fth) 
thW3  ffla2 '  Ww2 

where  oj  is  the  humidity  ratio  (g  g_1)of  the  air-vapor  mixture, 
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Since  the  wet  stream  and  the  dry  stream  across  the  humidifier 
have  the  same  flow  rates,  i.e.,  mal  =  rha2,  the  water  recovery  ratio 
can  be  reduced  to: 


WRR  =  9Z — x  100%  (6) 

(03 

The  stream  1  is  generally  ambient  and  has  little  water  content. 
In  this  work,  the  air  supply  is  pre-dried,  so  wi  is  zero.  In  a  fuel  cell 
system,  the  stream  3  will  be  exiting  the  fuel  cell  as  exhaust.  It  will 
likely  be  saturated  with  water  at  the  fuel  cell  operating  temperature 
and  would  be  a  donator  of  water  vapor  in  the  operation  of  the 
humidifier.  In  this  work,  the  dew  point  of  the  stream  3  varies  from 
50  °C  to  80  °C.  The  stream  2  will  gain  moisture  content  and  heat 
and  its  humidity  ratio  w2  indicates  how  much  moisture  the 
humidifier  has  received. 


4.  Results  and  discussion 

4.1.  Pressure  drop 

Fig.  5  shows  the  pressure  drops  as  a  function  the  flow  rates 
across  the  membrane  humidifier.  In  this  figure,  the  open  squares 
represent  the  pressure  drop  across  the  wet-side  channels  while  the 
open  triangles  are  the  pressure  drops  across  the  dry-side  channels. 
The  pressure  drops  for  these  two  streams  are  largely  identical.  The 
solid  circles  are  the  sum  of  pressure  drops  across  the  wet-side 
channels  and  the  dry-side  channels,  which  represent  the  total 
pressure  loss  due  to  the  membrane  humidifier  in  an  operating  fuel 
cell  system.  It  is  clearly  seen  from  this  figure  that  the  total  pressure 
drop  across  the  membrane  humidifier  is  increased  with  increasing 
the  airflow  rate,  meaning  that  higher  drags  in  the  membrane 
humidifier  require  more  pumping  power  driving  the  cathode 
stream  under  higher  power  conditions. 

4.2.  Water  transport  performance 

Figs.  6-11  show  the  water  transport  performance  of  the  planar 
membrane  humidifier.  All  of  the  results  are  discussed  in  terms  of 
the  performance  parameters  of  DPAT,  WVTR,  and  WRR  under 
various  flow  and  humidity  conditions. 

The  effect  of  flow  rate  across  the  humidifier  on  the  humidifi¬ 
cation  performance  of  the  humidifier  is  given  in  Figs.  6-8.  In  this 
experiment,  the  dew  point  of  the  wet  inlet  stream  simulating  the 
cathode  outlet  stream  is  controlled  at  60  °C,  while  the  dry  inlet 


*-Dry  Outlet  Temperature 


►■Dry  Outlet  Relative  Humidity 


* 

£ 


o 

£ 


Fig.  6.  Effect  of  flow  rate  on  the  dry  outlet  temperature  and  relative  humidity,  wet 
inlet  dew  point:  60  °C. 


stream  entering  the  membrane  humidifier  has  a  temperature  of 
25  °C.  Fig.  6  shows  the  variation  of  temperature  (solid  diamonds) 
and  relative  humidity  (solid  squares)  of  the  dry  outlet  flow  (stream 
2)  at  different  flow  rates  across  the  humidifier.  It  is  seen  from  this 
figure  that  the  dry  outlet  temperature  decreases  linearly  with  the 
flow  rates.  As  for  the  relative  humidity,  the  dry  outlet  flow  keeps 
a  high  level  of  the  relative  humidity  (>95%)  as  the  flow  rate  is  less 
than  350  SLPM.  This  is  because  the  water  transferred  from  the  wet 
stream  is  enough  to  humidify  the  dry  stream.  Flowever,  there  is 
a  sharp  drop  in  the  relative  humidity  as  the  flow  rate  increases  from 
350  to  600  SLPM.  The  reason  may  be  illustrated  by  the  results  in 
Fig.  7,  which  shows  the  effect  of  flow  rate  on  the  WVTR  as  well  as 
the  WRR  under  the  operational  conditions.  It  is  clearly  seen  from  in 
this  figure,  as  the  flow  rates  are  less  than  350  SLPM,  the  WVTR 
increases  with  increasing  the  flow  rate.  When  the  flow  rate 
increases  from  350  to  600  SLPM,  the  WVTR  keeps  constantly 
almost,  i.e.  4.1  ±  0.1  g  s-1.  Although,  a  high  flow  rate  enhances  the 
convection  mass  transfer  from  the  channels  to  the  membrane 
surface,  there  is  still  a  bottleneck  for  water  vapor  diffusion  along 
the  membrane  thickness,  which  is  related  to  the  membrane 
employed.  In  general,  the  capacity  of  water  vapor  transmission 
across  the  membrane  depends  on  the  permeation  of  the  membrane 
as  well  as  the  diffusion  area  of  the  membrane.  The  above  results  has 
explicitly  indicated  that  the  present  prototype  of  membrane 
humidifier  is  capable  of  humidifying  the  dry  flow  up  to  350  SLPM, 
which  can  support  a  PEM  fuel  cell  stack  of  a  nominal  power  about 
6.5  kW  with  a  cathode  stoichiometry  of  2.5.  Basically,  increasing  the 
humidifier  size  (membrane  area,  and  module  number)  as  well  as 
improving  the  water  vapor  permeation  of  the  membrane  could 
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Fig.  5.  Effect  of  flow  rate  on  the  pressure  drop  across  the  membrane  humidifier. 
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Fig.  7.  Effect  of  flow  rate  on  the  water  vapor  transfer  rate  and  the  water  recovery  ratio 
of  the  dry  outlet  stream,  wet  inlet  dew  point:  60  °C. 
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Fig.  8.  Effect  of  flow  rate  on  the  dew  point  and  the  dew  point  approach  temperature  of  Fig.  10.  Effect  of  wet  inlet  dew  point  on  the  WTR  and  WRR,  dry  inlet  temperature 

the  dry  outlet  stream,  wet  inlet  dew  point:  60  °C.  25  °C;  relative  humidity:  0;  flow  rate:  100  SLPM. 


improve  the  dry  outlet  relative  humidity  at  high  flow  rates.  As  for 
the  WRR,  it  is  increased  with  increasing  the  flow  rate  across  the 
membrane  humidifier.  Fig.  8  gives  another  important  parameter  to 
evaluate  the  humidification  performance  of  the  humidifier,  i.e.  the 
DPAT  (solid  diamonds).  It  is  seen  from  this  figure  that  the  DPAT 
slightly  increases  with  increasing  the  flow  rates  for  the  flow  rate 
lower  than  350  SLPM.  As  for  the  flow  rate  is  greater  the  450  SLPM, 
similarly,  the  DPAT  increases  abruptly.  The  DPAT  is  as  high  as  27  °C 
at  the  flow  rate  of  600  SLPM,  which  reflects  its  poor  water  recovery 
ratio  about  30%  (Fig.  7). 

Figs.  9and  10  show  the  effect  of  wet  inlet  dew  point  on  the 
humidification  performance  of  the  membrane  humidifier.  In  this 
experiment,  the  dry  inlet  temperature  is  controlled  at  25  °C  and  the 
flow  rate  across  the  membrane  humidifier  is  fixed  at  100  SLPM.  It  is 
seen  from  Fig.  9  that  the  dry  outlet  dew  point  is  increased  with 
increasing  the  wet  inlet  dew  point.  Note  that  a  higher  wet  inlet  dew 
point  (cathode  exhaust)  means  a  higher  fuel  cell  operation 
temperature  that  requires  a  higher  dry  outlet  dew  point.  In  addi¬ 
tion,  a  higher  wet  inlet  dew  point  always  comes  with  a  higher  dry 
outlet  inlet  dew  point.  Therefore,  the  humidifier  with  a  higher  dry 
outlet  dew  point  does  not  mean  a  superior  humidification  perfor¬ 
mance  here.  Actually,  the  DPAT  presented  in  Fig.  9  could  compen¬ 
sate  for  using  the  dry  outlet  dew  point  alone,  in  which  the 
humidification  performance  decreases  in  terms  of  DPAT  as  the  wet 
inlet  dew  point  increases,  yet  the  actual  dry  outlet  dew  point 
increases.  Fig.  10  gives  another  parameter  of  the  WRR  to  explain  the 
above  phenomena.  As  shown  in  Fig.  10,  the  WRR  is  decreased  with 
increasing  the  wet  inlet  dew  point  although  a  high  wet  inlet  dew 


point  enhances  the  WVTR  from  the  wet  side  channels  to  the  dry 
side  channels.  That  is  there  is  more  room  for  water  vapor  to  be 
transferred  from  the  wet  side  channels  to  the  dry  side  channels  for 
a  higher  wet  inlet  dew  point. 

Fig.  11  shows  the  effect  of  the  dry  inlet  temperature  on  the 
performance  of  the  humidifier.  In  this  figure,  the  wet  stream  has 
a  dew  point  of  60  °C  at  the  inlet,  and  the  results  of  two  flow  rates, 
i.e.,  100  SLPM  and  450  SLPM,  are  compared.  At  the  low  flow  rate  of 
100  SLPM,  the  DPAT  increases  with  increasing  the  dry  inlet 
temperature.  That  is  a  hot  stream  at  the  dry  inlet  is  accompanied 
with  a  low  DPAT,  which  can  be  explained  by  the  fact  that  there  is 
more  water  vapor  in  the  wet  stream  transferred  to  the  dry  stream 
(solid  diamonds).  In  contrast,  at  a  high  flow  rate  of  450  SLPM,  the 
dry  inlet  temperature  does  not  affect  the  DPAT  essentially.  Even 
with  a  significant  latent  potential  between  the  wet  stream  and  the 
dry  stream,  the  abovementioned  water  vapor  capacity  of  the 
membrane  limits  the  water  vapor  transfer  rate  for  higher  volume 
flow  rate  across  the  humidifier. 

4.3.  Electrochemical  performance  of  a  stack— humidifier  assembly 

The  last  task  of  this  work  is  to  evaluate  the  electrochemical 
performance  of  the  membrane  humidifier  when  it  integrates  with 
a  fuel  cell  stack.  As  shown  in  Fig.  2,  the  stack-humidifier  assembly 
has  a  PEM  fuel  cell  stack  of  4.0  kW  in  nominal  power. 

Before  assessing  the  electrochemical  performance  of  the 
stack-humidifier  assembly,  it  is  important  to  know  the  polariza¬ 
tion  curve  of  the  fuel  cell  stack,  which  serves  as  a  benchmark  to 
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Fig.  9.  Effect  of  wet  inlet  dew  point  on  the  dry  outlet  DP  and  DPAT,  dry  inlet  Fig.  11.  Effect  of  dry  inlet  temperature  on  the  dew  point  approach  temperature  and 
temperature:  25  °C;  relative  humidity:  0;  flow  rate:  100  SLPM.  water  vapor  transfer  rate  under  various  flow  rates,  wet  inlet  dew  point:  60  °C. 
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Fig.  12.  Departure  of  the  performance  between  the  fuel  cell  stack  test  on  the  test 
station  and  the  result  obtained  with  the  stack-membrane  assembly. 

compare  with.  The  characteristic  curves  in  Fig.  12  are  the  results 
obtained  from  the  PEM  fuel  stack  alone  on  a  commercial  test 
station  (Greenlight),  in  which  the  flow  and  humidity  conditions  are 
well  controlled.  That  is  both  the  anode  stream  and  the  cathode 
stream  are  fully  humidified  (with  relative  humidity  of  100%),  the 
operational  temperature  of  the  fuel  cell  stack  is  controlled  at  60  °C, 
and  the  cathode  stoichiometric  ratio  is  fixed  at  2.5. 

Two  data  points  on  Fig.  12  are  the  measurements  of  the 
stack-humidifier  assembly  under  the  extracted  currents  of  60  A 
and  100  A,  respectively.  In  this  circumstance,  the  saturated  cathode 
exhaust  humidifies  the  cathode  inlet  air,  while  the  anode  inlet 
stream  is  the  dry  hydrogen  from  the  hydrogen  tank.  It  is  clearly 
observed  from  this  figure  that  the  power  delivered  by  the 
stack-membrane  assembly  is  slightly  lower  than  the  characteristic 
curves  of  the  fuel  cell  stack.  At  the  extracted  current  of  60  A,  the 
stack-humidifier  assembly  delivers  about  2.8  kW  power.  While  the 
fuel  cell  stack  has  the  potential  to  deliver  3.0  kW  power  at  the  same 
current.  Similarly,  at  the  current  of  100  A,  the  power  extracted  from 
the  stack-humidifier  assembly  is  about  10%  less  than  that  of  the 
fuel  cell  stack.  Actually,  the  electrochemical  performance  of  the 
membrane  humidifier  has  been  illustrated  by  the  departure  of 
power  between  the  fuel  cell  stack  and  the  stack-humidifier 
assembly  at  the  same  current.  Additional  stability  test  of  the 
stack-humidifier  assembly  is  conducted  to  ensure  the  reliability  of 
the  present  membrane  humidifier,  which  is  shown  in  Fig.  13.  The 
stack-humidifier  assembly  is  operated  under  the  constant  power 
constraint  of  4.0  kW,  while  the  stack  temperature  and  the  cathode 
stoichiometric  ratio  are  fixed  at  60  °C  and  2.5,  respectively. 
Evidently,  the  test  results  have  revealed  that  the  stack-humidifier 
assembly  displays  reliable  operation  without  any  failure  for  over 
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10-h  test.  Generally  speaking,  the  above  results  have  signified  the 
stability  and  reliability  of  the  present  membrane  humidifier. 

5.  Conclusions 

In  this  work,  a  prototype  of  planar  membrane  humidifier  is 
fabricated  and  its  performance  is  evaluated  by  varying  the  flow 
and  humidity  conditions.  The  humidification  performance  of 
a  membrane  humidifier  is  discussed  in  terms  of  the  parameters  of 
dew  point  approach  temperature  (DPAT),  water  recovery  ratio 
(WRR)  and  water  vapor  transfer  rate  (WVTR).  Based  on  the  test 
results,  major  findings  are  concluded  below: 

1.  The  DPAT  slightly  increases  with  increasing  the  flow  rates  for 
the  flow  rate  <350  SLPM.  After  the  flow  rate  >350  SLPM,  the 
DPAT  increases  sharply  because  of  the  limitation  of  the  WVTR 
by  the  size  of  the  membrane  humidifier. 

2.  At  the  low  flow  rate  of  100  SLPM,  the  humidifier  performs 
better  at  a  higher  dry  inlet  temperature,  which  reflects  on  the 
lower  DPAT  and  a  higher  WVTR.  In  contrast,  the  dry  inlet 
temperature  does  not  affect  the  DPAT  at  the  high  flow  rate  of 
450  SLPM,  in  which  the  WVTR  across  the  membrane  does  not 
alter  as  well. 

3.  At  the  constant  current  conditions  of  60  A  and  100  A,  the 
electrochemical  performance  of  the  stack-humidifier  is  about 
10%  less  than  that  of  the  fuel  cell  stack  alone,  in  which  the  stack 
is  tested  on  a  commercial  test  station  to  well  control  the  flow 
and  humidity  conditions. 

4.  The  stack-humidifier  assembly  displays  a  proper  operation 
without  any  failure  for  over  10-h  electrochemical  test,  indi¬ 
cating  that  the  stability  and  reliability  of  the  present  membrane 
humidifier  might  be  satisfactory. 
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